Abstract Healthy older adults were repeatedly exposed to continuous, variable amplitude oscillations of the support surface to determine (1) whether age aVects the capacity for postural motor learning under continuous perturbation conditions with limited predictability and (2) whether practice leads to modiWcations in the control strategy used to maintain balance in older adults. During training, a translating platform underwent 45-s trials of constant frequency (0.5 Hz) and seemingly random amplitude oscillations (range §2 to 15 cm). The middle 15 s of each trial contained the same sequence of oscillation amplitudes. This repeated middle segment was the same as the repeated segment used in Van Ooteghem et al. (Exp Brain Res 187(4): 603-611, 2008) and was therefore used for analyses. To examine learning, participants performed a retention test following a 24-h delay. Kinematic data were used to derive spatial and temporal measures of whole body centre of mass (COM), trunk, thigh, and shank segment orientation, and ankle and knee angle from performance during the repeated middle segment. Results showed that with training, older adults maintained the capacity to learn adaptive postural responses in the form of improved temporal control of the COM and minimization of trunk instability at a rate comparable to young adults. With practice, however, older adults maintained a more rigid, 'platform-Wxed' control strategy which diVered from young adults who shifted towards 'gravity-Wxed' control and decreased COM motion. This study provides important insight into the ability of older adults to demonstrate longer-term improvements in postural regulation.
Introduction
It is well documented that the incidence of postural instability increases with advancing age (Horak et al. 1989; Tang and Woollacott 2004) but there is less consensus regarding age-related deWcits in motor learning (Seidler 2006) . Despite age-related impairment in controllability, balance loss could be reduced if training induced positive changes in the central nervous system's (CNS) ability to adapt to environmental disturbances. To date, little empirical research has examined the permanency of training-related changes in balance control in older adults, particularly under conditions that lack predictability. The goal of the current study was to determine whether older adults maintain the capacity to learn a novel balance task requiring continuous postural regulation.
Postural instability can result from both self-initiated and externally-imposed perturbations but the greater risk of balance loss exists when perturbations to stability are external and unpredictable (Horak et al. 1997) . Young adults exposed to discrete postural disturbances with limited predictability, such as a push or slip, generate motor responses that tend towards a default value corresponding to a medium-sized perturbation (Horak et al. 1989) or to a size appropriate to withstand the largest perturbation (Beckley et al. 1991) . Responses depend on the degree of unpredictability and the risk associated with an inappropriate response Bhatt and Pai 2005) . Studies exploring the eVects of age on short-term adaptability of compensatory postural responses to discrete perturbations and to continuous, predictable perturbations (i.e. constant amplitude and frequency) suggest that with age, the CNS maintains some ability to modify balance behaviour based on prior experience (Hocherman et al. 1988; Woollacott and Manchester 1993; Horak and Kuo 2000; Fujiwara et al. 2007 ). These adaptations have been attributed to temporary changes in sensory and motor processes (Bhatt et al. 2006) .
Only recently, have studies examined age and adaptability in the context of longer-term changes in balance behaviour (Pavol et al. , 2004 Pai and Bhatt 2007) . In these studies, older participants repeatedly exposed to discrete slip perturbations show decreases in fall occurrence at similar rates as young adults but they also remain more likely than young adults to fall during re-exposure. Such studies of longer-term retention are fundamental to our understanding of the extent to which older adults can reduce their likelihood of falling by learning to recover from a postural perturbation. To date, no study has examined learning capacity in older adults for continuous balance tasks with limited predictability despite the possibility that the responses required for stability under discrete versus continuous perturbation conditions require diVerent adaptive capabilities (Grabiner et al. 2008) or rely on diVerent control systems (Maki and Ostrovski 1993) . proposed that the long-term goal of the central nervous system in unpredictable circumstances is to acquire an optimal movement strategy that decreases the likelihood of losing balance and reduces dependence on reactive responses. Either by choice or by necessity (e.g. age-related functional decline, perception of stability limits), it is possible that older adults will optimize their control using a diVerent movement strategy than young adults or that they will demonstrate a diVerent degree of adaptation. The motor learning literature shows equal rates of performance improvements for young and older adults on some motor tasks but not others (Seidler 2006 ), so we were uncertain whether rates of improvement would be comparable across groups during the acquisition phase on day one but we hypothesized that default posture control strategies would diVer between groups.
In a recent paper (Van Ooteghem et al. 2008) , we described the behavioural changes of young participants who maintained balance in response to continuous, variable amplitude motion of a translating platform. With practice, participants improved their balance control by shifting from an ankle strategy towards a multi-segmental control strategy that allowed them to stabilize their centre of mass (COM) in space. Performance improvements were maintained after a 24-h delay period providing evidence for learning. The purpose of the current study was to explore diVerences in behaviour between young and older adults on the variable amplitude platform task in an eVort to characterize the adaptive capacity of older adults under these conditions.
Methods

Participants
Ten healthy, older adults (7 males, 3 females) ranging in age from 54 to 80 (mean 66 § 7.8 years) and height from 157.5 to 183 cm (mean 171 § 9.2 cm), volunteered to participate. Prior to inclusion in the study, a telephone questionnaire was administered to ensure that participants were free of severe deWcits or disorders that could aVect postural control. Upon clinical examination, six participants were unable to stand on foam with eyes closed for 30 s. One of these participants also exhibited somatosensory loss as determined by reduced Semmes-Weinstein monoWlament threshold detection on the plantar surface of the foot and by an inability to detect 128 Hz vibration on the great toe. The methods used in the study were approved by the Oregon Health and Science University Institutional Review Board and by the OYce of Research Ethics at the University of Waterloo. All participants provided informed consent prior to data collection. For comparison, data from 12 young, healthy adults reported previously in Van Ooteghem et al. (2008) was used. Young adults ranged in age from 19 to 29 (mean 24.3 § 2.8 years) and in height from 160 to 183 cm (mean 171 § 7.4 cm).
Task and procedures
Participants stood on a hydraulically driven, servo-controlled platform that could be translated horizontally forward and backward. To prevent falls without restricting motion, subjects wore an industrial safety harness tethered to a sliding hook on an overhead rail. They were instructed to maintain balance while standing with eyes focused on a poster approximately 2-m straight ahead and arms crossed at the chest; aiming to avoid stepping if possible. The platform oscillated at a Wxed frequency of 0.5 Hz and variable amplitude ranging from §2 cm to the largest amplitude that participants could withstand without taking a step (maximum §15 cm). The maximum amplitude ranged from 80 to 100% of the 15 cm maximum delivered to young adults in a previous study (Van Ooteghem et al. 2008 ). Only two participants were unable to maintain balance with their feet in place at this magnitude. For these two participants, platform oscillations were scaled to their maximum (12 and 13 cm). To decrease the likelihood of a step or fall, the platform was oVset forward by 6 cm at the start of each trial and the Wrst movement of the platform was in the backward direction.
Trials were composed of three 15-s segments containing seemingly random oscillations; however, the middle segment included a sequence of platform movements that occurred in every trial. Participants were not informed of this repetition. The repeated sequence of platform oscillations was embedded in the middle of each trial to conceal the repetition and improve the likelihood that participants would deem the perturbation environment unpredictable. The middle segment contained the same sequence of oscillations as the middle segment in Van Ooteghem et al. (2008) and was therefore used for analyses. The Wrst and third segments in the present study were matched for average velocity of translation by deriving the sequences from the pool of amplitudes that deWned the middle segment. This method decreased the possibility that the segments would present diVerent degrees of challenge to participants or that the repeated sequence of oscillations would be detected. Combined, the three segments produced a 45-s trial.
Data collection began with a 20-s trial of constant amplitude translation (8 cm), which served to familiarize participants with continuous platform motion. Testing consisted of six blocks of seven trials with a 2-min rest period between blocks. To separate temporary performance eVects from more permanent changes in behaviour that would reXect learning, participants returned for a seven-trial retention test approximately 24 h following practice.
Data recording
A Motion Analysis System (Santa Rosa, CA) with six cameras captured three-dimensional spatial coordinate information about body segment displacements and the movement of the platform. ReXective markers were placed bilaterally on the following anatomical landmarks: Wfth metatarsophalangeal, lateral malleolus, lateral femoral condyle, greater trochanter, anterior superior iliac spine, iliac crest, styloid process, olecranon, acromion process, lateral mandibular joint, and on the xyphoid process. A marker was also placed on the back of the platform. Data were sampled at 60 Hz and low pass Wltered using a 2nd order, dual pass Butterworth Wlter with a cut-oV frequency of 5 Hz. The position of the centre of mass (COM) of each body segment in the antero-posterior (AP) direction was calculated using the kinematic data and anthropometric data provided by Winter (1990) . Whole body COM position (in space) in the AP direction was derived from the weighted sum of the individual segment COM locations using a customdesigned MATLAB program (Mathworks, Natick, MA). Right side marker data were also used to determine trunk, thigh, and shank segment orientation in the sagittal plane. The trunk segment was deWned from the acromion process to the greater trochanter, the thigh segment from the lateral femoral condyle to the greater trochanter, and the shank segment from the lateral malleolus to the lateral femoral condyle. Ankle and knee angles were calculated from foot, thigh, and shank segments.
Outcome measures
Mean gain of the COM (COM peak displacement/platform peak displacement) and mean relative phase of the COM (COM time peak/platform time peak) were derived using the methods described in Van Ooteghem et al. (2008) . Together, gain and phase were quantiWed to examine spatial and temporal control of the COM. Theoretically, a COM gain value of 1.0 would occur if participants adopted a "platform-Wxed" control strategy that allowed their COM to travel as far as the platform. Alternatively, a small COM gain would be achieved if participants stabilized their trunk in space (termed "gravity-Wxed") and allowed their lower limbs to travel with the platform. Temporally, positive relative phase values would occur under conditions of COM phase lead relative to platform motion and would indicate predictive control of COM motion. In addition to COM measures, alignment of the trunk relative to gravitational vertical was calculated. The decision to use this measure was driven by the trunk's signiWcant contribution to the COM and is supported by evidence that the ability to limit undesirable motion of the HAT segment (head, arms, and trunk) is the key factor distinguishing older adults who fall from those who do not (Grabiner et al. 2008) . Tilt (in space) was determined for each time point and these values were averaged for each segment within a trial to determine mean tilt and mean tilt variability. Positive values indicated forward trunk tilt. We considered low variability to reXect more consistent, stable posture of the trunk segment. COM gain, COM phase, and trunk tilt variability were deWned as primary outcome measures for balance control. To further describe the COM control strategy, secondary analyses of lower limb postures were conducted by examining time series for thigh and shank segments and by calculating mean ankle and knee joint angle position and variability. Negative thigh segment orientation, positive shank segment orientation, and smaller knee joint angle indicated a Xexedknee control strategy while lower ankle and knee joint variability reXected more rigid postures of the lower limbs.
Data analyses
To evaluate the eVects of age on skill acquisition, outcome measures for the middle (repeated) segment of each trial were compared to previously collected data for young adults (Van Ooteghem et al. 2008) . Mixed model ANOVAs with 2 (group) £ 6 (training block) were used to analyse performance improvements on day one. Levene's test for homogeneity of variance was conducted prior to the analysis of each variable. Linear regression was used to determine the slope of mean COM gain and phase (log transform) for individual participants during the six blocks of training on day one. This data was analysed using onesample t-tests (p = 0.01). To examine retention in older adults, the block of retention trials completed on day two was compared to early (block one) and late (block six) training on day one using one-way repeated measures ANOVAs. Retention comparisons were restricted to primary outcome measures that showed substantial changes in older adults during training on day one (COM phase, trunk tilt, and trunk tilt variability). Post hoc analyses were conducted using one-way repeated measures ANOVAs for signiWcant interactions between group and training block, or Tukey's studentized range (Honestly SigniWcant DiVerence, HSD) tests.
An acceptable signiWcance level was 0.05 unless otherwise noted and only those trials in which participants did not take a step were included. In total, 33/504 trials were omitted from training data in young adults and 31/490 trials were omitted from training and retention data for older adults due to stepping.
Results
Acquisition performance
Participants in the current study showed diVerences both in spatial and in temporal control of their COM relative to young adults. Larger COM-to-surface displacement ratios (COM gains) in older adults indicated that they had poorer postural stability in space because they allowed their body COM to be displaced farther with surface displacements, particularly during forward translations (Fig. 1a, b) . Statistically, COM gain diVerences were revealed by an interaction between group and training block [F(2,39) = 4.59; p = 0.016 (Greenhouse-Geisser); Fig. 1c ] accompanied by a main eVect of group [F(1,20) = 9.239; p = 0.006]. Post hoc analysis indicated that young adults had signiWcantly lower gains than older adults as early as block one (p < 0.0001). Main eVects analysis of training block for older adults revealed that they did decrease their gain signiWcantly [F(5,45) = 6.23; p = 0.0002] with practice, however, these reductions were modest relative to young adults (average 4.6 § 4.7% vs. 15.6 § 10.4%). Examination of individual participants showed a signiWcant change in gain for 7/12 young adults but only 1/10 older adults as measured by a slope that was signiWcantly diVerent from zero (p < 0.01). It should be noted, that three of the young participants who did not show signiWcant gain reductions with training were those who had the smallest gain in early training (range 0.3645 to 0.5105) indicating a possible Xoor eVect for these participants. Reanalysing the COM gain data without these three participants further strengthened the interaction between group and training block [F(2,32) = 8.37; p = 0.001; Greenhouse Geisser]. Further, post hoc tests showed that changes in gain for older adults occurred during early exposures to the task as evidenced by signiWcant diVerences between block one and the remaining training blocks which did not diVer from one another.
The temporal control of the COM also diVered between young and older adults. Analysis of mean relative phase between COM and platform displacements revealed a main eVect of block [F(2, 36) = 42.990; p < 0.001(GreenhouseGeisser] and group [F(1,20) = 8.433; p = 0.009; Fig. 2] . Examination of individual participants showed a signiWcant change in phase for all young adults and 8/10 older adults (p < 0.01). Unlike young adults, however, most older adults (7/10) did not achieve temporal phase lock (deWned as less than two degrees phase lag) between COM and platform displacements.
Changes in mean trunk tilt and trunk tilt variability with training were similar for young and older adults (Fig. 3 ) despite group diVerences in COM gain and phase. For both groups, mean trunk position shifted from a slightly Xexed to upright posture (from 1.58° § 6.73° to ¡0.58° § 4.82°f or young adults and 1.86° § 5.57° to ¡1.60° § 4.24° for older adults) as evidenced by a main eVect of block [F(1,29) = 9.73; p = 0.002 (Greenhouse-Geisser); Fig. 3a ]. Young and older adults also showed comparable decreases in amount of trunk motion with training as indicated by a main eVect of block for trunk tilt variability [F(1, 27) = 11.13; p = 0.001 (Greenhouse-Geisser); Fig. 3b ]. These results suggest that the ability to improve trunk control was preserved with age regardless of the strategy used to maintain balance on the platform.
Ankle and knee joint angle analyses indicated that young and older adults approached the task by adopting diVerent behaviours in their lower limbs. A group eVect for mean knee joint position revealed that older adults showed signiWcantly greater knee Xexion throughout the task [F(1,20) = 5.11; p = 0.035; Fig. 3c] . A main eVect of block, however, indicated that both groups decreased knee Xexion with training [F(2,45) = 4.68; p = 0.012 (GreenhouseGeisser)]. Both groups also showed comparable decreases in knee joint variability with training [F(3,53) = 5.23; p = 0.004; not shown]. Although there was no main eVect of group or training block for mean ankle joint position, an interaction between training group and block existed for ankle joint variability [F(2,47) = 4.42; p = 0.013 (Greenhouse-Geisser]; Fig. 3d ). Post hoc analyses revealed that ankle angle variability was signiWcantly less for older adults in both early (p < 0.0001) and late training (p < 0.0001) and that despite group diVerences, older adults did show modest increases in ankle angle variability [F(5,45) = 5.25; p = 0.001]. Despite signiWcant group eVects for knee joint position, examination of time series for trunk, thigh, and shank segment motion in individual participants revealed that after training, three older adults adopted lower limb motions comparable to young adults (Fig. 4a) while Wve others were characterized by adjustments in segment alignment with persistent negative tilt of the thigh segment (Fig. 4b) . Another two participants showed negligible change in limb motion with training. The participant shown in Fig. 4b was also characterized by the smallest change in COM gain with training.
Retention performance
Retention performance was analysed for the three variables (COM phase, trunk tilt, and trunk tilt variability) that showed substantial changes with training on day one. For all measures, older adults demonstrated some maintenance of performance improvements providing evidence for learning. A main eVect of test block (early training, late training, and retention) revealed that older adults showed some loss of the temporal shifts in COM demonstrated during late training on day one [F(2,18) = 36.19; p < 0.0001; Fig. 2] . Post hoc comparisons, however, revealed that phase lag during retention testing remained signiWcantly less than the lag observed in early training. Analysis of trunk tilt and trunk tilt variability also produced main eVects of test block [F(2,18) = 6.472; p = 0.008 and F(1,10) = 18.87; p = 001 (Greenhouse-Geisser), respectively] but post hoc comparisons revealed no signiWcant loss in trunk control from late training on day one to retention testing on day two (Fig. 3a  and b) .
Discussion
The results presented here demonstrate that older adults possess an ability to learn adaptive postural responses to continuous, variable amplitude postural perturbations. Adaptations included improved temporal control of their COM in response to the constant frequency of platform motion and minimization of trunk instability at a rate comparable to young adults. Longer-term learning was demonstrated by improved retention test performances relative to early practice. The two groups, however, diVered in their approach to the task. In general, older adults adopted a more rigid, Xexed knee posture throughout training. This strategy diVered from young adults who gradually shifted towards a straight-legged, multi-segmental control strategy that enabled them to minimize their COM motion (Van Ooteghem et al. 2008 ). To our knowledge, this is the Wrst study to describe the eVects of age on the ability to learn a continuous balance task with perturbations that have limited predictability; in this case, with constant frequency but variable amplitude.
The main Wnding of the study is that age did not aVect the ability of participants to show some improvement in compensatory posture control with practice under conditions requiring continuous postural regulation, or to show longer-term retention of these improvements. The predominant change in older adults occurred in their ability to control trunk motion. With training, both young and older adults aligned their trunk more vertically and reduced overall trunk motion. These changes occurred at similar rates for the two groups; however, young adults exhibited an accompanying shift from an ankle strategy to a multisegment, gravity-Wxed control strategy (Van Ooteghem et al. 2008) . In contrast, older adults showed a more platform-Wxed strategy evidenced by greater COM gain most notably during forward translations (Fig. 1a and b) , and less ankle angle variability (Fig. 3d) . DiVerences in COM gain behaviour between young and older adults during forward translations suggest that the control strategies adopted by older adults were driven in part, by eVorts to avoid backward balance loss. Our results agree with previous studies showing that the general response of older adults to constant amplitude/frequency perturbations is to adopt a rigid movement strategy (Hocherman et al. 1988; Wu 1998) . Of greater interest for describing practice-related changes in older adults, we show that this platform-Wxed strategy persists with training. Unlike the results of Hocherman et al. (1988) , however, most older adults (7/10) in the current study did not stand on the platform with fully extended knees. We propose that diVerences in knee position in the current study reXect the need to limit transfer of reactive forces in a variable amplitude perturbation environment, perhaps to compensate for a decreased ability to control trunk movement.
Evidence for similar rigid response strategies in both predictable and non-predictable perturbation conditions could support the theory that postural equilibrium under various conditions can be achieved by a limited repertoire of response strategies (Horak and Nashner 1986) . We suggest, however, that modest training-related changes in control strategy amongst older adults reXect loss of CNS Xexibility with age. As a group, older adults also showed less between-subject variability in COM gain than young adults (Fig. 1c) . This Wnding diVers from results of clinical balance tests which typically report increases in variability with age (Era et al. 2006 ). In the current task, age-related limitations in joint and sensory system function might have constrained the number of options available to older adults. Alternatively, young adults could have possessed a larger range of reference experiences to assist in task performance, enabling some participants to anticipate the consequences of their movements (e.g. the young participant who had the lowest COM gain in early training was a surfer). Larger COM gains in early training for most older adults provided an opportunity for this group to demonstrate greater practice-related change. Only one older adult, however, showed a signiWcant reduction in COM gain in response to variable amplitude platform motion. In this study, the frequency of platform motion was constant which may have served as a regulatory feature of the task (Magill 1998) . All subjects demonstrated signiWcant improvement in temporal control of the COM with practice at a rate comparable to young adults suggesting that with age, the CNS maintains an ability to tune into temporal regularities in the perturbation environment. It is important to note that given the same amount of training, only three older adults achieved COM phase lock similar to a majority of young adults. An inability to achieve predictive control of COM like young adults could have been caused by agerelated functional impairment in response latencies and reXex loop time (Woollacott et al. 1986; Maurer et al. 2006) . In early training, older adults also showed a signiWcantly greater phase lag providing support for age-related response limitations.
Possible reasons for strategy diVerences between groups and limited practice-related changes in strategy amongst older adults Older adults exposed to the variable amplitude balance task adopted a rigid, Xexed knee posture with their trunk Wxed to the surface rather than to gravity, even after practice. Agerelated changes both in joint mobility (i.e. joint stiVness, decreased range of motion) and sensory system function (i.e. visual, vestibular, or proprioceptive decline) could have forced older adults to persist with a simpliWed, default control strategy by limiting the CNS's ability to develop a robust internal representation of postural control. The eVect of these changes could have been exacerbated by threat of falling, prompting older adults to self-select a diVerent goal in response to variable amplitude platform motion (Horak and Kuo 2000) or to refrain from exploring alternate control strategies.
Generally, both groups aimed to decrease trunk motion but as suggested in our previous paper, the multi-segmental control strategy adopted by young adults may reXect eVorts to improve eYciency during training (Van Ooteghem et al. 2008) . It is possible instead, that the primary goal for older adults was to maintain a safe margin of stability between their COM and base-of-support in an eVort to avoid stepping. In both studies, participants were instructed to maintain balance by keeping their feet in place. Previous research shows that older adults prefer to use a stepping strategy, even when the COM is well within the boundaries of the base-of-support (Maki and McIlroy 2005) . Adopting a gravity-Wxed control strategy similar to young adults would have decreased their margin of stability, particularly at amplitude extremes. Further, separation of the upper and lower body as observed in the gravity-Wxed control strategy adopted by young adults in late training requires good joint mobility, particularly at the hips and ankles, appropriate timing of muscle activation to control the trunk, and intact vestibular function to keep the trunk relatively stable with respect to gravity. All of these requirements can become limited with age (Buchanan and Horak 2002; Tang and Woollacott 2004) .
Age-related declines in sensory system function could have negatively aVected older adults' ability to gather information about the perturbation characteristics or their body orientation; restricting their ability to evolve their control strategy with practice. If older adults experienced loss in vestibular or proprioceptive sensitivity, they might have shifted sensory system weighting towards vision (Lord and Menz 2000, Speers et al. 2002) . The platformWxed control strategy adopted by older adults produced a stable head position with respect to the trunk and head displacement which might have generated rich, optic Xow information. Since the frequency of platform motion was constant, temporal regularity in the approach and retreat of a stable reference point might have provided helpful cues regarding body motion. Studies of the inXuence of static and dynamic visual cues on posture control have shown that dynamic visual cues contribute to fast stabilization of the whole body (Amblard et al. 1985) .
Learning in a variable amplitude environment For both COM phase and trunk tilt variability, retention test outcomes were better than pre-practice performance demonstrating older adults' capacity for postural motor learning in a variable amplitude environment. Some loss in the ability to exploit the temporal regularity in platform motion from late training to retention testing on day two did occur but this was also observed in young adults (Van Ooteghem et al. 2008) . The decline in performance could be attributed in part, to a warm up decrement but this possibility needs to be explored further. The ability to control trunk motion, however, was maintained across days of testing. Evidence for longer-term retention of these performance improvements in older adults provides important insight into the potential for sustainable changes in continuous postural regulation, despite kinematic strategies that were diVerent from younger adults. More work must be done, however, to examine older adults' persistence with a simpliWed control strategy that could oVer less stability and be more energy demanding.
